This paper summarizes the idea of Adaptive-Latency DRAM (AL-DRAM), which was published in HPCA 2015 [90] , and examines the work's signi cance and future potential. AL-DRAM is a mechanism that optimizes DRAM latency based on the DRAM module and the operating temperature, by exploiting the extra margin that is built into the DRAM timing parameters. DRAM manufacturers provide a large margin for the timing parameters as a provision against two worst-case scenarios. First, due to process variation, some outlier DRAM chips are much slower than others. Second, chips become slower at higher temperatures. The timing parameter margin ensures that the slow outlier chips operate reliably at the worst-case temperature, and hence leads to a high access latency.
This paper summarizes the idea of Adaptive-Latency DRAM (AL-DRAM), which was published in HPCA 2015 [90] , and examines the work's signi cance and future potential. AL-DRAM is a mechanism that optimizes DRAM latency based on the DRAM module and the operating temperature, by exploiting the extra margin that is built into the DRAM timing parameters. DRAM manufacturers provide a large margin for the timing parameters as a provision against two worst-case scenarios. First, due to process variation, some outlier DRAM chips are much slower than others. Second, chips become slower at higher temperatures. The timing parameter margin ensures that the slow outlier chips operate reliably at the worst-case temperature, and hence leads to a high access latency.
Using an FPGA-based DRAM testing platform, our work rst characterizes the extra margin for 115 DRAM modules from three major manufacturers. The experimental results demonstrate that it is possible to reduce four of the most critical timing parameters by a minimum/maximum of 17.3%/54.8% at 55℃ while maintaining reliable operation. AL-DRAM uses these observations to adaptively select reliable DRAM timing parameters for each DRAM module based on the module's current operating conditions. AL-DRAM does not require any changes to the DRAM chip or its interface; it only requires multiple di erent timing parameters to be speci ed and supported by the memory controller. Our real system evaluations show that AL-DRAM improves the performance of memory-intensive workloads by an average of 14% without introducing any errors.
Our characterization and proposed techniques have inspired several other works on analyzing and/or exploiting di erent sources of latency and performance variation within DRAM chips [30, 34, 51, 71, 89, 127 ].
Problem: High DRAM Latency
A DRAM chip is made of capacitor-based cells that represent data in the form of electrical charge. To store data in a cell, charge is injected, whereas to retrieve data from a cell, charge is extracted. Such movement of charge happens through a wire called bitline. Due to the large resistance and the large capacitance of the bitline, it takes a long time to access DRAM cells. To guarantee correct operation for every module sold, DRAM manufacturers impose a set of minimum latency restrictions on DRAM accesses, called timing parameters [60] . Ideally, timing parameters should provide just enough time for a DRAM chip to operate correctly. In practice, however, there is a very large margin in the timing parameters to ensure correct operation under worst-case conditions with respect to two aspects. First, due to process variation, some outlier cells su er from a larger RC-delay than other cells [64, 94] , and require more time to be accessed. Second, due to temperature dependence, DRAM cells lose more charge at high temperature [97, 171] , and therefore require more time to be accessed. Due to the worst-case provisioning of the xed timing parameters, which ensure reliable operation up to a temperature of 85℃, it takes a longer time to access most of DRAM under most operating conditions than is actually necessary for correct operation.
Key Observations and Our Goal
First, we observe that most DRAM chips do not contain the worst-case cells that require the largest access latency. Using an FPGA-based testing platform [52] , we prole 115 real DRAM modules and observe that the slowest cell (i.e., the cell that stores the smallest amount of charge) for a typical chip is still signi cantly faster than the slowest cell of the worst-case chip. Our pro ling exposes the large margin built into DRAM timing parameters. In particular, we identify four timing parameters that are the most critical during a DRAM access: tRCD, tRAS, tWR, and tRP. 1 At 55℃, we demonstrate that the parameters can be reduced by an average of 17.3%, 37.7%, 54.8%, and 35.2%, respectively, while still maintaining correctness.
Second, we observe that most DRAM chips are not exposed to the worst-case temperature of 85℃. We measure the DRAM ambient temperature in a server cluster running a very memory-intensive benchmark, and nd that the temperature never exceeds 34℃, and never changes by more than 0.1℃ per second. Other works [48, 99] also observe that worstcase DRAM temperatures are not common, and that servers typically operate at much lower temperatures [48, 99] .
Based on these two observations, we show that typical DRAM chips operating at typical temperatures (e.g., 55℃) are capable of operating correctly when accessed with a much smaller access latency, but are nevertheless forced to operate 1 For a detailed background on the operation of DRAM, and an explanation of each timing parameter, we refer the reader to our prior works [30, 31, 32, 34, 51, 52, 67, 68, 69, 70, 71, 73, 75, 76, 77, 78, 88, 89, 90, 92, 93, 97, 98, 127, 146, 147] .
at the largest latency of the worst-case module and operating conditions. Modules in existing systems use these worst-case latencies because existing memory controllers are equipped with only a single set of timing parameters that are dictated by the worst case.
Our goal in our HPCA 2015 paper [90] is to exploit the extra margin that is built into the DRAM timing parameters to reduce DRAM latency, and thus improve performance as well as energy consumption. To this end, we rst provide a detailed analysis of why we can reduce DRAM timing parameters without sacri cing reliability.
Charge & Latency Interdependence
The operation of a DRAM cell is governed by two important parameters: i) the quantity of charge and ii) the latency it takes to move charge. These two parameters are closely related to each other. Based on SPICE simulations with a detailed DRAM model, we identify the quantitative relationship between charge and latency [90] . We brie y summarize our three key observations from these analyses here. Section 7 of our HPCA 2015 paper [90] provides a detailed analysis of our observations. First, having more charge in a DRAM cell accelerates the sensing operation in the cell, especially at the beginning of sensing, enabling the opportunity to shorten the timing parameters that correspond to sensing (tRCD and tRAS). Second, when restoring the charge in a DRAM cell, a large amount of the time is spent on injecting the nal small amount of charge into the cell. If there is already enough charge in the cell for the next access, the cell does not need to be fully restored. In this case, it is possible to shorten the latter part of the restoration time, creating the opportunity to shorten the timing parameters that correspond to restoration (tRAS and tWR). Third, at the end of precharging, i.e., setting the bitline into the initial voltage level (before accessing a cell) for the next access, a large amount of the time is spent on precharging the nal small amount of bitline voltage di erence from the initial level. When there is already enough charge in the cell to overcome the voltage di erence in the bitline, the bitline does not need to be fully precharged. Thus, it is possible to shorten the nal part of the precharge time, creating the opportunity to shorten the timing parameter that corresponds to precharge (tRP). Based on these three observations, we conclude that timing parameters can be shortened if DRAM cells have enough charge.
Adaptive-Latency DRAM
As explained in Section 3, the amount of charge in the cell right before an access to it plays a critical role in how long it takes to retrieve the correct data from the cell. In Figure 1 , we illustrate the impact of process variation using two di erent cells: one is a typical cell (left column) and the other is the worst-case cell that deviates the most from the typical (right column). The worst-case cell initially contains less charge than the typical cell for two reasons. First, due to its large resistance, the worst-case cell cannot allow charge to ow inside quickly. Second, due to its small capacitance, the worst-case cell cannot store much charge even when it is fully charged. To accommodate such a worst-case cell, existing timing parameters are conservatively set to large values. In Figure 1 , we also illustrate the impact of temperature dependence using two cells at two di erent operating temperatures: i) a typical temperature (55℃, bottom row), and ii) the worst-case temperature (85℃, top row) supported by DRAM standards. Both typical and worst-case cells leak charge at a faster rate at the worst-case temperature. Therefore, not only does the worst-case cell have less charge to begin with, but it is left with even less charge at the worst temperature because it leaks charge at a faster rate (top-right in Figure 1 ). To accommodate the combined e ect of process variation and temperature dependence, existing timing parameters are set to very large values. That is why the worst-case condition for correctness is speci ed by the top-right of Figure 1 , which shows the least amount of charge stored in the worst-case cell at the worst-case temperature in its initial state. On top of this, DRAM manufacturers add an extra latency margin to the access time under worst-case conditions. In other words, the amount of charge in a cell under worst-case conditions is still greater than the minimum amount of charge required for correctness.
If we were to reduce the timing parameters, we would also reduce the amount of charge stored in the cells. It is important to note, however, that we are proposing to exploit only the additional slack (in terms of charge) compared to the worst case. This allows us to provide as strong of a reliability guarantee as manufacturers currently do for worst-case cells and operating conditions. In Figure 1 , we illustrate the impact of reducing the timing parameters. The lightened portions inside the cells represent the amount of charge that we are giving up by using reduced timing parameters. Note that we are not giving up any charge for the worst-case cell at the worst-case temperature. Although the other three cells are not fully charged in their initial state, w propose to give up just enough charge from them such that they are left with a similar amount of charge as the worst case (top-right). This is because these cells are capable of either holding more charge to begin with (typical cell, left column) or holding their charge for longer (typical temperature, bottom row). Therefore, optimizing the timing parameters (based on the amount of existing charge slack) provides the opportunity to reduce overall DRAM latency while still maintaining the same reliability guarantees provided by DRAM manufacturers.
Based on these observations, we propose Adaptive-Latency DRAM (AL-DRAM), a mechanism that dynamically optimizes the timing parameters for di erent modules at di erent temperatures. AL-DRAM exploits the additional charge slack present in the common-case compared to the worst-case, thereby preserving the level of reliability (at least as high as the worst-case) provided by DRAM manufacturers.
DRAM Latency Pro ling: Experimental Analysis of 115 Modules
We present and analyze the results of our DRAM pro ling experiments, performed on our FPGA-based DRAM testing infrastructure, SoftMC [52] , which is also used in our various past works analyzing various DRAM characteristics [30, 34, 68, 69, 75, 89, 90, 97, 136] . In total, we analyze 115 DRAM modules from three major manufacturers, comprising 920 total DRAM chips. Our full methodology is explained in Section 6 of our HPCA 2015 paper [90] .
Analysis of a Representative DRAM Module
We study the possible timing parameter reductions of a DRAM module while still maintaining correctness. To guarantee reliable DRAM operation, DRAM manufacturers provide a built-in safety margin in retention time, also referred to as a guardband [2, 68, 97, 127, 166] . This way, DRAM manufacturers are able to guarantee that even the weakest cell is insured against various other modes of failure. We rst measure the safety margin of a DRAM module by sweeping the refresh interval at the worst-case operating temperature (85℃), using the standard timing parameters. Figure 2a plots the maximum refresh intervals of each bank and each chip in a DRAM module for both read and write operations. We make several observations. First, the maximum error-free refresh intervals of both read and write operations are much larger than the DRAM standard (208 ms for the read and 160 ms for the write operations vs. the 64 ms standard). Second, for the smaller architectural units (banks and chips in the DRAM module), some of them operate without incurring errors even at much higher refresh intervals than others (as high as 352 ms for the read operations and 256 ms for the write operations). This is because the error-free retention time is determined by the worst single cell in each architectural component (i.e., bank/chip/module).
Based on this experiment, we de ne the safe refresh interval for a DRAM module as the maximum refresh interval that leads to no errors, minus an additional margin of 8 ms, which is the increment at which we sweep the refresh interval. The safe refresh interval for the read and write operations are 200 ms and 152 ms, respectively. We then use the safe refresh intervals to run the tests with all possible combinations of timing parameters. For each combination, we run our tests at two temperatures: 85℃ and 55℃. Figure 2b plots the error-free timing parameter combinations (tRCD, tRAS, and tRP) in the read operation test. For each combination, there are two stacked bars -the left bar for the test at 55℃ and the right bar for the test at 85℃. Missing bars indicate that the test (with that timing parameter combination at that temperature) causes errors. Figure 2c plots same data for the write operation test (tRCD, tWR, and tRP).
We make two observations. First, even at the highest temperature of 85℃, the DRAM module reliably operates with reduced timing parameters (24% reduction for read, and 35% reduction for write operations). Second, at the lower temperature of 55℃, the potential latency reduction is even higher (36% for read, and 47% for write operations). These latency reductions are possible while maintaining the safety margin of the DRAM module. From these two observations, we conclude that there is signi cant opportunity to reduce DRAM timing parameters without compromising reliability.
Analysis of 115 DRAM Modules
We have studied the e ect of temperature and the potential to reduce various timing parameters at di erent temperatures for a single DRAM module. The same trends and observations also hold true for all of the other modules we studied. In this section, we analyze the e ect of process variation by studying the results of our pro ling experiments on 115 DIMMs. We also present results for intra-chip process variation by studying the process variation across di erent banks within each DIMM. We draw two conclusions. First, although there exist a few modules which just meet the timing parameters (with a low safety margin), a vast majority of the modules very comfortably meet the standard timing parameters (with a high safety margin). This indicates that a majority of the DIMMs have signi cantly higher safety margins than the worst-case module even at the highest-acceptable operating temperature of 85℃. Second, the e ect of process variation is even higher for banks within the same DIMM, explained by the large spread in the red dots for each DIMM. Since banks within a DIMM can be accessed independently with di erent timing parameters, one can potentially imagine a mechanism that more aggressively reduces timing parameters at a bank granularity and not just the DIMM granularity. We leave this for future work. 2 To study the potential of reducing timing parameters for each DIMM, we sweep all possible combinations of timing parameters (tRCD/tRAS/tWR/tRP) for all the DIMMs at both the highest acceptable operating temperature (85℃) and a more typical operating temperature (55℃). We then determine the acceptable DRAM timing parameters for each DIMM for both temperatures while maintaining its safety margin. Figures 3c and 3d show the results of this experiment for the DRAM read and DRAM write, respectively. The y-axis plots the sum of the relevant timing parameters (tRCD, tRAS, and tRP for the DRAM read and tRCD, tWR, and tRP for the DRAM write). The solid black line shows the latency sum of the standard timing parameters (DDR3 DRAM speci cation). The dotted red line and the dotted blue line show the most acceptable latency parameters for each DIMM at 85℃ and 55℃, respectively. The solid red line and blue line show the average acceptable latency across all DIMMs.
We make two observations. First, even at the highest temperature of 85℃, DIMMs can reliably operate at reduced access latencies: 21.1% on average for read, and 34.4% on average for write operations. This is a direct result of the possible reductions in timing parameters tRCD/tRAS/tWR/ tRP -15.6%/20.4%/20.6%/28.5% on average across all the DIMMs. 3 As a result, we conclude that process variation and lower temperatures enable a signi cant potential to reduce DRAM access latencies. Second, we observe that at lower temperatures (e.g., 55℃) the potential for latency reduction is even greater (32.7% on average for read, and 55.1% on average for write operations), where the corresponding reduction in timing parameters tRCD/tRAS/tWR/ tRP are 17.3%/37.7%/ 54.8%/35.2% on average across all the DIMMs.
We conclude that existing DRAM modules can be accessed reliably with lower access latencies, especially at lower temperatures than the worst-case temperature speci ed by DRAM manufacturers.
Real-System Evaluation
We evaluate AL-DRAM on a real system that o ers dynamic software-based control over DRAM timing parameters at runtime [10, 11] . We use the minimum values of the timing parameters that do not introduce any errors at 55℃ for any module to determine the latency reduction at 55℃. Thus, the latency is reduced by 27%/32%/33%/18% for tRCD/tRAS/tWR/tRP, respectively. Our full methodology is described in Section 8 of our HPCA 2015 paper [90] . Figure 4 shows the performance improvement of reducing the timing parameters in the evaluated memory system with one rank and one memory channel at a 55℃ operating temperature. We run a variety of di erent applications in two di erent con gurations. The rst one (single-core) runs only one thread, and the second one (multi-core) runs multiple applications/threads. We run each con guration 30 times (only SPEC benchmarks are executed 3 times due to their large execution times), and present the average performance improvement across all the runs and their standard deviation as an error bar. Based on the last-level cache misses per kilo instructions (MPKI), we categorize our applications into memory-intensive or non-intensive groups, and report the geometric mean performance improvement across all applications from each group. We draw three key conclusions from Figure 4 . First, AL-DRAM provides signi cant performance improvement over the baseline (as high as 20.5% for the very memorybandwidth-intensive STREAM applications [109] ). Second, when the memory system is under higher pressure with multicore/multi-threaded applications, we observe signi cantly higher performance (than in the single-core case) across all applications from our workload pool. Third, as expected, memory-intensive applications bene t more in performance than non-memory-intensive workloads (14.0% vs. 2.9% on average). We conclude that by reducing the DRAM timing parameters using AL-DRAM, we can speed up a real system by 10.5% (on average across all 35 workloads on the multicore/multi-thread con guration).
We also conducted reliability stress tests for our mechanism. We ran our workloads for 33 days without interruption of the lower latencies. We observed no errors and correct results.
Other Results and Analyses in Our Paper
Our HPCA 2015 paper [90] includes signi cant amount of DRAM latency analyses and system performance evaluations. We refer the reader to [90] for detailed evaluations and analyses.
• E ect of Changing the Refresh Interval on DRAM Latency. We evaluate DRAM latency at di erent refresh intervals. We observe that refreshing DRAM cells more frequently enables more DRAM latency reduction (Section 7.1 of our HPCA 2015 paper [90] ).
• E ect of Reducing Multiple Timing Parameters. We study the potential for reducing multiple timing parameters simultaneously. Our key observation is that reducing one timing parameter leads to decreasing the opportunity to reduce another timing parameter simultaneously (Section 7.2 of our HPCA 2015 paper [90] ).
• Analysis of the Repeatability of Cell Failures. We perform tests for ve di erent scenarios to determine that a cell failure due to reduced latency is repeatable: i) same test, ii) test with di erent data patterns, iii) test with timing-parameter combinations, iv) test with di erent temperatures, and v) DRAM read/write. Most of these scenarios show that a very high fraction (more than 95%) of the erroneous cells consistently experience an error over multiple iterations of the same test (Section 7.6 of our HPCA 2015 paper [90] ).
• Performance Sensitivity Analyses. We analyze the impact of increasing the number of ranks and channels, executing heterogeneous workloads, using di erent row bu er policies. We show that AL-DRAM e ectively improves performance in all cases (Section 8.4 of our HPCA 2015 paper [90] ).
• Power Consumption Analysis. We show that AL-DRAM reduces DRAM power consumption by 5.8%. This reduced power consumption is due to the reduced DRAM latencies (Section 8.4 of our HPCA 2015 paper [90] ).
Related Work
To our knowledge, our HPCA 2015 paper is the rst work to i) provide a detailed qualitative and empirical analysis of the relationship between process variation and temperature dependence of modern DRAM devices on the one side, and DRAM access latency on the other side (we directly attribute the relationship between the two to the amount of charge in cells), ii) experimentally characterize a large number of existing DIMMs to understand the potential of reducing DRAM timing constraints, iii) provide a practical mechanism that can take advantage of this potential, and iv) evaluate the performance bene ts of this mechanism by dynamically optimizing DRAM timing parameters on a real system using a variety of real workloads.
Several works investigated the possibility of reducing DRAM latency by either exploiting DRAM latency variation or changing the DRAM architecture. We discuss these below.
DRAM Latency Variation. Chandrasekar et al. [29] evaluate the potential of relaxing some DRAM timing parameters to reduce DRAM latency. This work observes latency variations across DIMMs as well as for a DIMM at di erent operating temperatures. However, there is no explanation as to why this phenomenon exists. In contrast, our HPCA 2015 paper [90] (i) identi es and analyzes the root cause of latency variation in detail, (ii) provides a practical mechanism that can relax timing parameters, and (iii) provides a real system evaluation of this new mechanism, using real workloads, showing improved performance and preserved reliability.
NUAT [153] and ChargeCache [51] show that recentlyrefreshed rows contain more charge, and propose mechanisms to access recently-refreshed rows with reduced latency. Even though some of the observations in these works are similar to ours, the approaches to leverage them are di erent. AL-DRAM exploits temperature dependence in a DIMM and process variations across DIMMs, while NUAT and ChargeCache use the time di erence between a row refresh and an access to the row (hence its bene ts are dependent on when the row is accessed after it is refreshed). Therefore, NUAT and ChargeCache are complementary to AL-DRAM, and can potentially be combined for better performance.
Voltron [34] uses an experimental characterization of real DRAM modules to identify the relationship between the DRAM supply voltage and access latency variation. Voltron uses this relationship to identify the combination of voltage and access latency that minimizes system-level energy consumption without exceeding a user-speci ed threshold for the maximum acceptable performance loss.
Flexible-Latency DRAM (FLY-DRAM) [30] uses an experimental characterization of real DRAM modules to capture access latency variation across DRAM cells within a single DRAM chip due to manufacturing process variation. FLY-DRAM identi es that there is spatial locality in the slower cells, resulting in fast regions (i.e., regions where all DRAM cells can operate at signi cantly-reduced access latency without experiencing errors) and slow regions (i.e., regions where some of the DRAM cells cannot operate at signi cantlyreduced access latency without experiencing errors) within each chip. To take advantage of this heterogeneity in the reliable access latency of DRAM cells within a chip, FLY-DRAM (1) categorizes the cells into fast and slow regions; and (2) lowers the overall DRAM latency by accessing fast regions with a lower latency.
Design-Induced Variation-Aware DRAM (DIVA-DRAM) [89] uses an experimental characterization of real DRAM modules to identify the latency variation within a single DRAM chip that occurs due to the architectural design of the chip. For example, a cell that is further away from the row decoder requires a longer access time than a cell that is close to the row decoder. Similarly, a cell that is farther away from the wordline driver requires a larger access time than a cell that is close to the wordline driver. DIVA-DRAM uses design-induced variation to reduce the access latency to di erent parts of the chip.
Low-Latency DRAM Architectures. Various works [31, 32, 33, 53, 78, 92, 108, 116, 142, 146, 154, 176] propose new DRAM architectures that provide lower latency. Many of these works improve DRAM latency at the cost of either signi cant additional DRAM chip area (i.e., extra sense ampli ers [108, 142, 154] , an additional SRAM cache [53, 176] ), specialized protocols [31, 78, 92, 146] or a combination of these. Our proposed mechanism requires no changes to the DRAM chip and the DRAM interface, and hence has almost negligible overhead. Furthermore, AL-DRAM is largely orthogonal to these proposed designs, and can be applied in conjunction with them, providing greater cumulative reduction in latency.
Binning or Overclocking DRAM. AL-DRAM has multiple sets of DRAM timing parameters for di erent temperatures and dynamically optimizes the timing parameters at runtime. Therefore, AL-DRAM is di erent from simple binning (performed by manufacturers) or over-clocking (performed by end-users; e.g., [58, 126] ) that are used to gure out the highest static frequency or lowest static timing parameters for DIMMs.
Other Methods for Lowering Memory Latency. There are many works that reduce overall memory access latency by modifying DRAM, the DRAM-controller interface, and DRAM controllers. These works enable more parallelism and bandwidth [3, 4, 31, 32, 78, 88, 93, 145, 146, 147, 167, 174, 178] , reduce refresh counts [66, 68, 70, 97, 98, 136, 164] , accelerate bulk operations [32, 145, 146, 147, 148] , accelerate computation in the logic layer of 3D-stacked DRAM [5, 6, 14, 15, 50, 54, 55, 72, 100, 129, 173] , enable better communication between the CPU and other devices through DRAM [93] , leverage DRAM access patterns [51, 153] , reduce write-related latencies by better designing DRAM and DRAM control policies [35, 83, 144] , reduce overall queuing latencies in DRAM by better scheduling memory requests [12, 13, 38, 46, 49, 56, 59, 61, 65, 76, 77, 84, 85, 86, 96, 109, 110, 111, 112, 120, 121, 125, 129, 141, 152, 159, 160, 161, 162, 163, 177] , employ prefetching [9, 28, 36, 37, 42, 44, 45, 47, 84, 113, 114, 115, 119, 122, 124, 128, 158] , perform memory/cache compression [1, 7, 8, 39, 41, 43, 130, 131, 132, 133, 134, 151, 165, 168, 175] , or perform better caching [67, 137, 138, 149, 150] . Our proposal is orthogonal to all of these approaches and can be applied in conjunction with them to achieve higher latency and energy bene ts.
Experimental Studies of DRAM Chips. There are several studies that characterize various errors in DRAM. Many of these works observe how speci c factors a ect DRAM errors, analyzing the impact of temperature [48] and hard errors [57] . Other works have conducted studies of DRAM error rates in the eld, studying failures across a large sample size [95, 106, 143, 155, 156, 157] . There are also works that have studied errors through controlled experiments, usually using FPGA-based DRAM testing infrastructures like SoftMC [52] , to investigate errors due to retention time [52, 66, 68, 69, 70, 97, 98, 127, 136] , disturbance from neighboring DRAM cells [62, 74, 75, 118] , latency variation across/within DRAM chips [29, 30, 33, 87, 89] , and supply voltage [33, 34] . None of these works extensively study latency variation across DRAM modules, which we characterize in our work.
Signi cance
Our work on AL-DRAM is the rst to extensively characterize and exploit the large access latency variation that exists in modern DRAM devices. In this section, we discuss the novelty of AL-DRAM and its expected future impact on the community.
Novelty
We make the following major contributions in our HPCA 2015 paper [90] :
Addressing a Critical Real Problem, High DRAM Latency, with Low Cost. High DRAM latency is a critical bottleneck for overall system performance in a variety of modern computing systems [117, 123] , especially in real largescale server systems [63, 101] . Considering the signi cant di culties in DRAM scaling [64, 117, 118, 123] , the DRAM latency problem is getting worse in future systems due to process variation. Our HPCA 2015 work [90] leverages the heterogeneity created by DRAM process variation across DRAM chips and system operating conditions to mitigate the DRAM latency problem. We propose a practical mechanism, Adaptive-Latency DRAM, which mitigates DRAM latency with very modest hardware cost, and with no changes to the DRAM chip itself.
Large-Scale Latency Pro ling of Modern DRAM Chips. Using our FPGA-based DRAM testing infrastructure [30, 33, 34, 52, 68, 69, 75, 87, 89, 90, 97, 127, 136] , we pro le 115 DRAM modules (920 DRAM chips in total) and show that there is signi cant timing variation between di erent DIMMs at di erent temperatures. We believe that our results are statistically signi cant to validate our hypothesis that the DRAM timing parameters strongly depend on the amount of cell charge. We provide a detailed characterization of each DIMM online at the SAFARI Research Group website [91] . Furthermore, we introduce our FPGA-based DRAM infrastructure and experimental methodology for DRAM pro ling, which are carefully constructed to represent the worst-case conditions in power noise, bitline/wordline coupling, data patterns, and access patterns. Such information will hopefully be useful for future DRAM research.
Extensive Real System Evaluation of DRAM Latency. We evaluate our mechanism on a real system [10, 11] and show that our mechanism provides signi cant performance improvements. Reducing the timing parameters strips the excessive margin in the electrical charge stored within a DRAM cell. We show that the remaining margin is enough for DRAM to operate reliably. To verify the correctness of our experiments, we ran our workloads for 33 days nonstop, and examined their and the system's correctness with reduced timing parameters. Using the reduced timing parameters over the course of 33 days, our real system was able to execute 35 di erent workloads in both single-core and multi-core congurations while preserving correctness and being error-free. Note that these results do not absolutely guarantee that no errors can be introduced by reducing the timing parameters. However, we believe that we have demonstrated a proof-ofconcept which shows that DRAM latency can be reduced at no impact on DRAM reliability. Ultimately, DRAM manufacturers can provide the reliable timing parameters for di erent operating conditions and modules.
Potential Long-Term Impact
Tolerating High DRAM Latency by Exploiting DRAM Intrinsic Characteristics. Today, there is a large latency cli between the on-chip last level cache and o -chip DRAM, leading to a large performance fall-o when applications start missing in the last level cache. By enabling lower DRAM latency, our mechanism, Adaptive-Latency DRAM, smoothens this latency cli without adding another layer into the memory hierarchy.
Applicability to Future Memory Devices. We show the bene ts of the common-case timing optimization in modern DRAM devices by taking advantage of intrinsic characteristics of DRAM. Considering that most memory devices adopt a uni ed speci cation that is dictated by the worst-case operating condition, our approach that optimizes device latency for the common case can be applicable to other memory devices by leveraging the intrinsic characteristics of the technology they are built with. We believe there is signi cant potential for approaches that could reduce the latency of Phase Change Memory (PCM) [40, 80, 81, 82, 105, 135, 139, 140, 170, 172] , STT-MRAM [79, 105] , RRAM [169] , and NAND ash memory [16, 17, 18, 19, 20, 21, 22, 22, 23, 24, 25, 26, 27, 102, 103, 104, 107] .
New Research Opportunities. Adaptive-Latency DRAM creates new opportunities by enabling mechanisms that can leverage the heterogeneous latency o ered by our mechanism. We describe a few of these brie y.
Optimizing the operating conditions for faster DRAM access: Adaptive-Latency DRAM provides di erent access latencies for di erent operating conditions. Future works can explore how the operating conditions themselves can be optimized, which can be used in conjunction with AL-DRAM to further improve the DRAM access latency. For instance, balancing DRAM accesses over multiple DRAM channels and ranks can potentially reduce the DRAM operating temperature, maximizing the bene ts provided by AL-DRAM. At the system level, operating the system at a constant low temperature can enable the use of lower DRAM latencies more frequently.
Optimizing data placement to reduce overall DRAM access latency: We characterize the latency variation in di erent DIMMs due to process variation. Placing data based on this information and the latency criticality of data maximizes the bene ts of lowering DRAM latency, by placing the data that is most sensitive to latency in the fastest DRAM chips (and, thus, providing lookups to the data with the fastest access latency).
Error correction mechanisms to further reduce DRAM latency. Error correction mechanisms allow us to lower DRAM latency even further, by correcting bit errors that occur when a small number of the DRAM operations end before the minimum charge is stored in the DRAM cell. Such mechanisms can rely on error correction to compensate for the reduced reliability of read and write operations at even lower latencies, leading to a further reduction in DRAM latency without errors. Future research that uses error correction to enable even lower latency DRAM is therefore promising as it opens a new set of trade-o s. Note that our recent work, DIVA-DRAM [89] , explores this direction and nds very promising bene ts.
Inspired by our characterization and proposed techniques, several recent works [30, 34, 51, 71, 89, 127] have explored many of these new research opportunities, by (1) analyzing di erent sources of latency and performance variation within DRAM chips, and (2) exploiting these sources of latency and performance variation to reduce access latency and/or energy consumption.
Conclusion
This paper summarizes our HPCA 2015 work on AdaptiveLatency DRAM (AL-DRAM), a simple and e ective mechanism for dynamically tailoring the DRAM timing parameters for the current operating condition without introducing any errors. AL-DRAM takes advantage of the large latency margin available in the DRAM timing parameters for commoncase operation, by dynamically the operating temperature of each DRAM module and employing timing constraints optimized for a particular module at the current temperature. AL-DRAM provides an average 14% improvement in overall system performance across a wide variety of memoryintensive applications run on a real multi-core system. We conclude that AL-DRAM is a simple and e ective mechanism to reduce DRAM latency. We hope that our experimental exposure of the large margin present in the standard DRAM timing constraints will inspire other approaches to optimize DRAM chips, latencies, and parameters at low cost.
